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Abstract
The discovery of the scalar boson completes the experimental confirmation of the particles
predicted by the Standard Model, which achieves to describe almost all phenomena observed
in nature in terms of a few symmetry principles and a handful of numbers, the constants
of nature. Neutrino oscillations are the only confirmed piece of evidence for physics beyond
the Standard Model found in the laboratory. They can easily be explained if the neutrinos
have partners with right handed chirality like all other fermions. Remarkably, right handed
neutrinos can simultaneously explain long standing puzzles from cosmology, namely Dark
Matter and the baryon asymmetry of the universe. I discuss how close this minimal extension
of the Standard Model by right handed neutrinos can bring us to a complete theory of nature
and what else may be needed.
1 Introduction
One way to define the ultimate goal of fundamental science is the much-anticipated theory of
everything. However, given the fact that we are limited in our ability to make observations by
time, space and the sensitivity of our senses and instruments, it is clear from the beginning that
this goal cannot be achieved - even if one day we can consistently describe all phenomena we
know, we can never be sure that there are no phenomena which have escaped (and will always
escape) our notice because they are too far away, involve very feeble interactions with the particles
we know, occur only at very short distances or happened in a very distant past. Hence, we may
pursue a less ambitious, but nevertheless challenging and possibly achievable goal, a “theory of
everything we know” or complete effective theory of nature. Such a theory should
1) describe all phenomena observed in nature and
2) be testable experimentally.
We shall interpret condition 2) in a strong sense and demand that the existence of all particles
can be confirmed experimentally and we can study their interactions. In the following we define
a complete effective theory as one that fulfils both conditions.
It is immediately clear that there is no guarantee that such theory exists. If, for instance,
neutrino masses are generated by physics at energy scales ∼ 1016 GeV, the (expected) scale of
grand unification, then we will most likely never be able to study the mechanism behind this
observed phenomenon experimentally. In fact, many popular and well-motivated theories do not
fulfil criterion 2), including grand unification and most realisations of supersymmetry. Hence, a
theory as anticipated here can only be found if nature is kind enough that all phenomena within
reach of our instruments can be explained by physics that is also within reach of our instruments.
Even if this is the case the issue of a full (non-perturbative) theory of quantum gravity remains.1
1We have not observed any phenomenon that require such theory, hence we can formally pass both criteria
without it. On the other hand, a truly fundamental theory of nature (whatever that means) should include a
1
Leaving this aside, we in the following consider a theory as “complete” in the sense of 1) and 2)
and treat it as fundamental for all practical purposes if it can be a valid effective field theory up
to the Planck scale.
The Standard Model of particle physics (SM) and theory of general relativity (GR) in com-
bination come impressively close to fulfilling both conditions [1]. To date, there are only four
experimental and observational facts which cannot be understood in this framework,2
(I) the spacetime geometry of the observable universe
(II) flavour violation in neutrino experiments,3
(III) the baryon asymmetry of the universe (BAU) and
(IV) the composition and origin of the observed dark matter (DM).
In addition to this evidence for the existence of “new physics”, there are a number of anomalies
in experimental data that have not (yet?) led to a claim of discovery and may also be explained
by systematics.Moreover, there are aspects of the SM that can be considered unsatisfying from
an aesthetic viewpoint, such as the hierarchy between the electroweak and Planck scale, the
strong CP problem, the factorisation of the gauge group and the flavour structure. We do not
discuss these here. Instead, we focus on one particular candidate for a complete theory, which is
motivated by the principle of minimality or Ockham’s razor.
2 A “complete” theory of nature
All matter particles in the Standard Model (SM) except neutrinos have been observed with both,
left-handed (LH) and right-handed (RH) chirality. The lack of a RH counterpart implies that
neutrinos are massless in the SM, while the observed neutrino flavour oscillations (II) clearly
suggest that at least two neutrinos are massive. This provides strong motivation to assume
that RH neutrinos νR exist. These new particles in addition can simultaneously explain the
observed DM [5, 6] and BAU [7]. It has been suggested in [8] that they may indeed explain all
observed phenomena (II)-(IV) simultaneously, for a review see e.g. Refs. [2, 9, 10] and references
therein, while the geometry (I) of the universe can be explained without adding any new particles
[11]. We consider the most general action that only contains SM fields and RH neutrinos with
quantum theory of gravity not only for self-consistency, but also because it seems likely that there exist physical
systems for which it is required and which some day may be accessible to (at least indirect) observation, including
black holes and the very early universe.
2The observed current acceleration of the universe’s expansion is often included in this list, but can in fact be
accommodated in the framework of SM+GR: All observations to date can be explained in terms of a cosmological
constant Λ, which is simply a free parameter in GR. Whatever is the microphysical origin of Λ lies outside our
current observation, hence knowledge of it is not required to pass conditions 1) and 2).
3It is sometimes argued that flavour oscillations are “not really” physics beyond the SM, as they can be explained
by simply adding a neutrino mass term. However, in a gauge invariant and renormalisable theory such a term can
only arise if new physical degrees of freedom are added to the SM, see e.g. discussion in section 2 of Ref. [2]. The
right handed neutrinos introduced in Sec. 2 are one way to achieve this, but not the only one (see e.g. [3, 4] for a
detailed summary).
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renormalisable interactions
S =
∫
d4
√−g
[
LSM − M
2
2
R− ξΦ†ΦR (1)
+ iνR 6∂νR − lLFνRΦ˜− νRF †lLΦ˜† − 1
2
(νcRMMνR + νRM
†
Mν
c
R)
]
.
Here flavour and isospin indices are suppressed. LSM is the SM Lagrangian, F is a matrix of
Yukawa couplings and MM a Majorana mass term for νR. lL = (νL, eL)
T are the left handed
SM lepton doublets, Φ is the Higgs doublet with Φ˜ = (ǫΦ)†, where ǫ is the antisymmetric SU(2)
tensor, and νcR = CνR
T , with the charge conjugation matrix C = iγ2γ0. For n flavours of νR,
the eigenvalues of MM introduce n new mass scales in nature, which we shall label MI . In
analogy with the LH sector we consider the case of n = 3 flavours of RH neutrinos. This is
the minimal number required to generate three non-zero light neutrino masses. We work in a
flavour basis where MM = diag(M1,M2,M3). The action (1) is written in the Jordan frame, M
is a mass scale that can be related to (and almost equals) the Planck mass MP in the Einstein
frame. The difference between Jordan and Einstein frame, which are connected by the conformal
transformation gµν → gµν(M2+ξφ2)/M2P with φ2 ≡ Φ†Φ [12], only matters in section 3. Elsewhere
we use the same symbols as in (1) for the canonically normalised fields and follow the notation
notation of Ref. [2].
3 The geometry of the universe and Higgs inflation
If the universe contained only radiation and matter, then the cosmic microwave background
(CMB) radiation from different directions in the sky would originate from regions that were
causally disconnected at that time of emission. This makes it difficult to understand why the CMB
temperature is the same up to Gaussian fluctuations δT/T ∼ 10−5 [13] in all directions (“horizon
problem”). Moreover, the inferred overall spatial curvature is zero or very small [14], which means
that it was extremely close to zero at earlier times (“flatness problem”). Both problems can be
understood if there was a phase of cosmic inflation, i.e. accelerated expansion, in the universe’s
very early history [15–17]. Inflation also predicts Gaussian temperature/density perturbations
[18] with nearly flat spectrum, characterised by a spectral index ns close to one, in good agreement
with observation. In the model (1) inflation can be realised through the potential energy of the
Higgs field [11], which leads to a negative equation of state if it dominates the universe. The
Higgs expectation value χ in the Einstein frame is related to φ in the Jordan frame via the
conformal transformation. To explain the flatness and homogeneity of the universe inflation must
last & 50− 60 e-folds, implying that the effective potential U(χ) must be sufficiently flat that χ
“rolls slowly” while moving towards the minimum. Moreover, U(χ) must not have any wiggles
at values below the scale of inflation. If radiative corrections to U(χ) are negligible, the model
(1) is consistent with CMB observations if ξ ≃ 47000
√
λ and predicts a spectral index ns ≃ 0.97
and scalar-to-tensor ratio r ≃ 0.003 for CMB temperature fluctuations [12]. Here λ is the Higgs
self-coupling. In this scenario, hot big bang initial conditions for the radiation dominated era
are generated through particle production and subsequent thermalisation during oscillations of
χ around its minimum [12]. The reheating temperature is 1013 − 1014 GeV, though this value is
subject to some theoretical uncertainty, as the reheating process involves a complicated interplay
between perturbative and non-perturbative dissipation [19], and a detailed analysis requires a
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consistent treatment of all medium effects in the primordial plasma [20]. Radiative corrections
introduce a critical mass scale [21–25] mcrit = 129.6 + 2.0
yt−0.9361
0.0058
− 0.5αs−0.1184
0.0007
GeV, where
yt = yt(µt) is the top Yukawa at µt = 173.2 GeV in the MS scheme and αs is the strong coupling
at the Z-mass. Inflation happens if the Higgs mass mH is larger than mcrit [26–28]. While the
above conclusions remain almost unchanged for mH > mcrit, calculations become rather sensitive
to quantum corrections in the vicinity of mH = mcrit [29]. This uncertainty can be parametrised
by two numbers that enter the relation between the inflationary and low energy values of the
running masses. With the top quark mass varied within two standard deviations from its best fit
experimental value, there exist values of these unknown parameters for which (1) with ξ ∼ 10,
r & O[10−1] and mH = 125.6 GeV leads to Higgs driven inflation [29, 30].
4 Neutrino masses and the seesaw mechanism
For MI > eV there are two distinct sets of neutrino mass eigenstates. We represent them by
flavour vectors of Majorana spinors ν and N . The elements of ν = V †ν νL − U †νθνcR + c.c have
light masses ∼ mν = −θMMθT ≪ MM (in terms of eigenvalues) and are mainly superpositions
of the “active” SU(2) doublet states νL. They can be identified with the observed neutrino mass
eigenstates. The elements of N = V †NνR + Θ
T νcL + c.c have masses of the order of MI and are
mainly superpositions of the “sterile” singlet states νR. Here c.c. stands for the C-conjugation
defined after (1), Θ≪ 1 is the mixing matrix between active and sterile neutrinos and θ ≡ ΘUTN .
Vν is the usual neutrino mixing matrix and Uν its unitary part, VN and UN are their equivalents
in the sterile sector. More precisely, Vν ≡ (1− 12θθ†)Uν with θ ≡ mDM−1M , mD ≡ Fχ (χ = 174
GeV at temperature T = 0). The unitary matrices Uν and UN diagonalise the mass matrices
mν ≃ −θMMθT and MN = MM + 12
(
θ†θMM +M
T
Mθ
T θ∗
)
, respectively. This setup is known as
seesaw mechanism [31–34].
Experimentally the scale of theMI is almost unconstrained. Neutrino oscillation experiments
at energies E ≪ MI only involve the light states νi and probe the specific combination mν =
−FM−1M F T [35]. If mH/MI ≪ 1, then the NI tend to give large radiative corrections to mH ,
and the observed light Higgs mass mH ∼ 10−17MP [36, 37] can only be explained if either the
model parameters are “fine tuned” or one introduces additional new physics to stabilise mH (e.g.
supersymmetry). This hierarchy problem is absent if MI < mH . We restrict ourselves to this
regime here. Another motivation for this choice comes from the criterion 2): It is very difficult to
find the NI -particles in the laboratory in foreseeable time if they are heavier than the electroweak
scale.
5 Baryogenesis via leptogenesis
The observable universe at present contains no significant amounts of antimatter, see [38] for a
discussion. In the standard model of cosmology the absence of antimatter is explained as the
result of an almost complete mutual annihilation of matter and antimatter in the early universe
after pair creation processes came out of thermal equilibrium. The matter we observe today is
only a small remnant that survived this process due to a tiny excess YB ≃ 8.6 × 10−11 [14] of
matter over antimatter. The inflationary period described in section 3 and subsequent reheating
produce a dense primordial plasma that contains matter and antimatter in equal amounts [12],
hence YB has to be generated dynamically at later times. This process of baryogenesis requires
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baryon number (B) violation, C and CP violation and a deviation from thermal equilibrium [39].
In the model (1) the latter is realised during the production [8, 40] or the freezeout and decay
[7] of NI in the early universe. We focus on the experimentally accessible mass range MI ∼
GeV, in which the BAU is generated during NI production. This scenario is often referred to
as baryogenesis from neutrino oscillations. The asymmetry has to be generated at temperatures
T > Tsph ∼ 130 − 140 GeV [41–43], where sphaleron processes rapidly violate baryon number
B [44]. The violation of total lepton L number is suppressed by MI/T ≪ 1, but there can
be significant asymmetries Yα in the individual flavours. For MI/T ≪ 1 the helicity states
of the Majorana fields NI effectively act as ”particles” and ”antiparticles”, and one can assign
approximately conserved lepton charges to the sterile flavours. Flavour dependent scatterings
transfer a part δL of the lepton asymmetry into the RH fields, where they are hidden from the
sphaleron processes that partly transfer the remaining net asymmetry −δL into B. Once the NI
come into equilibrium the Yα and B get washed out. If this process is incomplete at the time of
sphaleron freezeout at T = Tsph, then a net B 6= 0 remains protected from further washout at
lower temperatures. This mechanism is explained in more detail in Refs. [2, 9, 45–48]. Due to
the great importance of flavour and finite density effects it is most conveniently treated in the
nonequilibrium quantum field theory approach to leptogenesis [46, 49–65], though crucial results
have previously been found in a detailed analysis using density matrix equations [8]. The upper
panel in figure 1 shows that the masses and mixings required to explain the BAU with n = 3 lie
well within reach of the BELLE II and LHCb experiments. Hence, these experiments have the
potential to unveil the common origin of matter in the universe and neutrino masses [66].
However, if one aims to address all problems (I)-(IV) in the framework of (1), then one mass
eigenstate N1 must compose the observed DM and be very long lived. This implies that its
coupling is so feeble that it gives no significant contribution to the neutrino mass matrix4 mν
and has a negligible abundance in the primordial plasma at T > Tsph. The latter fact implies
that effectively only two RH neutrinos N2,3 participate in baryogenesis. In this scenario, which is
effectively n = 2 as far as baryogenesis and the seesaw are concerned, it is much more difficult to
explain the observed BAU. The sources and washout rates for the asymmetries Yα are proportional
by different combinations of the same Yukawa couplings FαI .
5 For n = 2 the strengths of the
NI couplings to all active flavours α are essentially governed by just one parameter [48, 98–101].
Hence, they are “tied together” and a large asymmetry generation at T ≫ Tsph necessarily implies
a large washout for all flavours at T & Tsph.
6 The BAU can be explained if all NI -interactions
are sufficiently small to prevent a complete washout at T > Tsph, see lower panel in figure 1,
while the source term is resonantly enhanced by a degeneracy in the masses M2 and M3 at the
level < 10−3 [45, 48]. A mass splitting of this size is stable against radiative corrections [102]
and could be explained by an approximate lepton number conservation [103]. A detection of N2,3
in existing experiments is unlikely in this scenario, and experimental confirmation of this model
requires dedicated search experiments, see e.g. [104].
4This fixes the absolute scale of neutrino masses because it implies that one light neutrino is (almost) massless.
5The source term is e.g. given in [46] and ∝ Im(FαIF
∗
βIFβJF
∗
αJ ), the washout rate is Γα = (FF
†)ααγavT ,
where γav is a numerical coefficient that depends on MI/T and has been calculated in thermal field theory in the
relativistic and non-relativistic regime [57, 60, 62, 88–97].
6In contrast, for n = 3 there are considerable regions in parameter space where the |FαI | are very different in
size, leading to a flavour asymmetric washout. For instance, the NI interactions with muons can be large enough
to yield observable branching ratios (e.g. (trF †F )1/2 & 10−4 at M2 = 2 GeV) while the coupling to electrons is
small enough to avoid a complete chemical equilibration [66].
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Figure 1: Masses and mixings of N2 for normal neutrino mass hierarchy. Upper panel: For
values of |Θµ2|2 below the red line the BAU can be explained for n = 3 with M1 = 1 GeV,
M3 = 3 GeV, m1 = 2.5 × 10−3 eV, m2 = 9.05 × 10−3 eV m3 = 5 × 10−2 eV and all known
neutrino parameters fixed to the best fit value in Ref. [67]. The gray area represents bounds on
U2µ ≡
∑
I |ΘµI |2 from the past experiments PS191 [68], NuTeV [69] (both re-analysed in [70]),
NA3 [71], CHARMII [72] and DELPHI [73] (as given in [74]). They are stronger than those from
neutrinoless double β-decay [75–80] or violation of lepton flavour [80, 81] and universality [82–
85]. The blue lines indicate the current bounds on U2µ from LHCb [86] (dotted) and BELLE [87]
(dashed). These can improve significantly (at least an order of magnitude) with the upgrade to
BELLE II and the LHC’s 14 TeV run, see discussion in Ref. [66]. For larger masses baryogenesis
is possible [65], but it is hard to find the NI in experiments. Lower panel: With n = 2
RH neutrinos baryogenesis can only be successful if their masses M2 and M3 are degenerate.
The observed BAU can be generated for mixings U2 ≡ tr(θ†θ) in the region between the solid
blue “BAU” lines. The regions below the solid black “seesaw” line and dashed black “BBN”
line are excluded by neutrino oscillation experiments and big bang nucleosynthesis, respectively.
The areas above the green lines of different shade are excluded by direct search experiments, as
indicated in the plot. Plot taken from [45].
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6 Sterile neutrino Dark Matter
For sufficiently small |ΘαI |, the NI -particles are collisionless and can be very long lived, hence
they are obvious decaying DM candidates. The main decay channel is N → ννν and leaves no
astronomically observable signature, but the radiative decay N → νγ predicts a narrow photon
emission line at energy M1/2 from DM dense regions. Until 2014 the non-observation of such
line could considerably constrain the mass and mixing [9, 105–122], see figure 2. Recently a
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Figure 2: Constraints on the mass and mixing of the DM candidate N1 as explained in the plot.
Along the solid black production curves the observed ΩDM is explained for Yα = 0 (upper curve)
and the maximal Yα = 1.24× 10−4 found in [45] (lower curve). We do not display a lower bound
on M1 from structure formation, which should lie somewhere between 1 keV and 10 keV, as it is
a matter of ongoing discussion. Plot taken from [123].
tentative signal has been reported that can be interpreted as emission from the decay of a sterile
neutrino N1 with M1 ≃ 7 keV [123, 124]. This interpretation, which certainly requires further
confirmation at this stage, is fully consistent with the predictions of the minimal model (1) and all
known constraints [123, 125, 126]. The main constraints come from the requirements to predict the
correct DM abundance ΩDM and be consistent with structure formation, see e.g. [2, 9, 10, 127] and
references therein. Even though N1-particles in the universe are so feebly coupled that they have
never reached thermal equilibrium, their distribution is proportional to an equilibrium distribution
if Yα = 0 because they are thermally produced via mixing [5, 128–130]. This production is most
efficient at T ∼ 100 MeV [130, 131]. For Yα 6= 0 the MSW effect [132, 133] can lead to a level
crossing between the νi and N1 dispersion relations in the thermal plasma, which results in a
resonant producing of N1 [6] that adds a non-thermal component to the momentum distribution
[134]. The superposition of the thermal and non-thermal spectra can be approximated as a
combination of a warm and a cold DM component [134–136]. The observation of structures on
scales < 100 Mpc in the spatial matter distribution imposes a bound on the mean free path λDM
of N1, as freely streaming DM would wash out and strongly suppress small scale structures. For
a thermal spectrum there is a unique relation between λDM and M1, λDM ∼ 1Mpc(keV/M1)
[137], but for a non-thermal spectrum it is very difficult to perform numerical simulations [138]
7
that make predictions for the distribution of matter in the universe today based on the initial
N1 spectra at T ∼ 100 MeV, and the bounds from structure formation suffer from considerable
uncertainties. If one takes the most conservative viewpoint, then the Yα = 0 scenario is already
excluded (see e.g. [9]) and the required Yα ∼ 10−4 can only be produced in the late decay of N2,3
in the minimal model discussed here if (1) exhibits considerable parameter tunings [45]. Since
the parameter space in figure 2 is constrained in all directions, the combination of observations
with future X-ray telescopes [127, 139, 140] and a better understanding of structure formation
can in principle falsify or confirm this DM scenario.
7 Conclusions
In a minimal extension of the SM there exist parameter choices for which all established
observations in fundamental physics can be explained with only three new particles, RH
neutrinos, and a non-minimal coupling of the Higgs field to gravity. This model in principle
could be a valid and complete effective field theory up to the Planck scale.
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